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Direct comparison of shadowgraphy and x-ray imaging for void fraction determination
Introduction
There are many industrial applications involving multiphase flows, including sprays, fluidized beds, bubbly flows and cavitating flows. A common characteristic of these flows is that they are often optically opaque. This is due to multiple scattering of visible light by particles/bubbles in its path. More often than not, simple optical techniques are limited to analyzing phenomena occurring close to the wall region. Owing to the lack of penetrability of visible light in such optically opaque flows, alternative techniques have been developed to quantitatively characterize the phenomena occurring in the interior of the flow [1, 2] . X-ray computed tomography (CT) is an appropriate choice for an accurate analysis of the internal structure of the flow, as it is able to provide detailed information on the spatial distribution of void fractions [3, 4] . However, a major disadvantage of this technique is the high barrier to entry. Of the multiphase flows introduced earlier, cavitating flows are slightly different, as a predetermined global void fraction of a certain phase cannot be introduced into the flow. This is due to the phenomenon of cavitation, where liquid vaporizes upon reaching a pressure below its vapor pressure. Void fraction is a major quantity of interest in cavitating flows as it can be used to demarcate the distinct shedding mechanisms [5, 6] .
For certain regimes of multiphase flows, such as stratified flows or slug flows, void fractions can be determined by applying a simple pixel counting or greyscale intensity based technique onto shadowgraphy images. For instance, in some studies [7] [8] [9] , a plane perpendicular to the flow direction (i.e. a cross-section of the pipe) was illuminated and imaged. The void fractions were then evaluated based on a pixel counting technique. Alternatively, the center-plane could be used. However, this would rely on an assumption about the three-dimensional (3D) structure of the flow (for example an axisymmetric structure of the slug). Such greyscale intensity based techniques may not always be appropriate to other regimes such as dispersed flows or annular flows. Nevertheless, various studies exist where the above pixel counting and/or greyscale intensity based techniques have been employed to determine void fractions, in flow regimes where it may not be perfectly applicable [10] [11] [12] [13] [14] [15] [16] [17] [18] . In the above cases, the flow characteristics are often assumed to be two-dimensional (2D) or the void fractions are estimated from instantaneous images. This approach is understandable, due to the limited access to more advanced measurement facilities like x-ray CT.
Due to the continued usage of shadowgraphy for optically dense systems, even for void fraction estimation, questions persist over its applicability to such systems. The lack of applicability of shadowgraphy for cavitating flows has been qualitatively demonstrated by comparing images obtained by simple shadowgraphy/photography and CT [19] [20] [21] . Mitroglou et al [20] have reported a good qualitative correspondence between the vapor cloud shapes identified via time-averaged intensities of shadowgraphy images and line-integrated projections of 3D CT data. Lorenzi et al [21] too have compared timeaveraged results obtained via the two imaging modalities and have concluded that planar shadowgraphy can create a false impression of the cavitation structures in the third dimension. These qualitative results [20, 21] already act as a deterrent for researchers aiming to extract void fractions through shadowgraphy like techniques. However, there has not been a quantitative comparison between images obtained by these two modalities (shadowgraphy and x-ray imaging), to the best of the authors' knowledge. A quantitative analysis could shed further light onto this matter.
The current study is thus concerned with a quantitative comparison between the time-averaged images of a 3D cavitating flow in an axisymmetric converging-diverging nozzle ('venturi'), recorded by two different imaging modalities: shadowgraphy and x-ray imaging. A venturi has been selected as a test case for the present study, owing to the complex nature of the flow through it. Thus, distinct flow regimes suitable for the current comparative analysis are present. The greyscale intensities in these images are a function of the void fractions occurring in the flow as well as the working mechanisms of the techniques. X-ray imaging, being the more reliable technique for void fraction estimation (owing to its penetrability in optically dense media), is then used to adjudge the fidelity of void fraction estimation (either qualitative or quantitative) via shadowgraphy in 3D cavitating flows. Regimes where (qualitative) void fraction estimation from shadowgraphy may still be applicable are also identified.
The remainder of the article is structured as follows: details of the experimental setups as well as the image processing steps to make images from the two modalities comparable are available in section 2. In section 3, a quantitative comparison between the greyscale intensities, obtained from the two measurement techniques is performed. The results are discussed in further depth in section 4, which includes the delimitation of regimes where shadowgraphy may still provide a legitimate interpretation of void fractions in 3D cavitating flows. Finally, the major findings of this study are summarized in section 5.
Methodology
Details of the experimental setups for both techniques, image acquisition and image processing are described in this section. The quality of the imaging techniques is also evaluated. This is especially necessary for the x-ray images as they are later used as the yardstick while judging the shadowgraphs.
Setup
The schematic of the flow setup utilized for the experiments is illustrated in figure 1 . The flow is driven by a centrifugal pump, while a combination of a water column and a vacuum pump is used to control the global static pressure of the flow loop. Further details are available in Jahangir et al [22] . The venturi, with a throat diameter (D 0 ) of 16.67 mm, is milled out from a rectangular block of polymethylmethacrylate (PMMA) and polished. This is done to minimize image distortion inside the venturi. A schematic of the venturi cross-section is shown in figure 1 (inset) .
The intensity of cavitation is often described by the 'cavitation number' (σ = p−pv ). Here, p is the pressure at a reference position (the pressure recovery section in the current study), p v is the vapor pressure of the fluid (calculated at the measured temperature), ρ is the density of the fluid, and u 0 is the reference velocity (the velocity at the venturi throat in the current study). In the current study, cavitation occurs only when the cavitation number is below unity. Moreover, the lower the cavitation number, the higher the cavitation intensity.
Shadowgraphs were recorded at 800 Hz for 4 s by a Photron Fastcam APX RS, in combination with a 105 mm/2.8 FX AF MICRO-NIKKOR object-glass. The CMOS sensor had a bit depth of 10. The camera was operated at a f # of 2.8 with an exposure time of 111 μs. Images with a resolution of 1024 × 336 pixels were recorded, resulting in a spatial resolution of approximately 0.15 mm. A LED panel was used for a uniform back-illumination. For the x-ray measurements, a source-detector pair was used to measure the attenuation of the x-rays passing through the cavitating flow. The source, Yxlon Y.TU 160-D06, was operated at 120 keV and 5 mA in order to achieve a high contrast between the cavities and the fluid. The flat detector, Xineos-3131 CMOS model, consists of a 307 mm × 302 mm sensitive area with a 1548 × 660 pixel array. Each pixel has a size of 198 µm × 198 µm with 14 bits of pixel depth, resulting in a spatial resolution of about 0.07 mm in the imaging plane. Images were recorded at 60 Hz over 60 s. Schematics of the measurement setup are illustrated in figure 2 .
The experimental setup shown in figure 1 was reoriented for the x-ray imaging measurements due to space constraints. Nevertheless, the flows from the two experiments at the same cavitation number were confirmed to be equivalent, as the pressure drops across the venturi (∆p) were nearly identical for both cases. Visual inspection also confirmed symmetry of the top and bottom halves of the time-averaged shadowgraphs (for example, see figure 6(d)), suggesting little influence of gravity.
Calibration and quality of the imaging modalities
Calibration was performed for x-ray imaging in order to eventually compute a tomographic reconstruction of the time-averaged distribution of the void fraction, assuming axisymmetric distribution of the two phases. As a reference, intensities were measured by the x-ray detector when the venturi contained only air and only water. Air is a suitable alternative for water vapor as they have similar mass densities, and thus similar linear absorption coefficients. For the calibration in air, the venturi was left empty while it was completely filled with filtered water for the latter. At the streamwise plane of the throat, the maximum intensity was recorded as 12 580 for air while it was 9045 for water, as can be seen in figure 3 . Thus, approximately 21% of the total capacity of the 14-bit detector was utilized here. However, this range would increase in the downstream direction with the increasing diameter of the venturi cross-section. A relative intensity profile is obtained by dividing the absolute intensities of air and water, shown in figure 3 , which is in accordance with the shape of the venturi (air occupies a higher fraction of the x-ray path length closer to the center of the venturi). Moreover, the wiggles visible prominently in the absolute intensity curves are drastically compressed in the relative intensity curves. This confirms that the wiggles in the absolute intensities are a result of the differences in individual x-ray detector element sensitivities and not random noise.
Furthermore, air-containing calibration cylinders of four different diameters and negligible thicknesses were inserted into the venturi, which was already filled with water. The calibration cylinders were aligned with the axis of symmetry of the venturi. Calibration was then performed at four different streamwise locations by recording the mean intensity along the centerline of the cylinder, averaged over 3700 frames. As the diameters of the calibration cylinders were known, the intensity at the center of the cylinder related to the lineintegrated void fraction. A linear relationship was obtained between the normalized intensity in the x-ray images (I X ) and diameter of plastic cylinders (and thus, the line-integrated void fractions), as shown in figure 4 . This implies that the normalized intensity can be used directly in place of the lineintegrated void fraction for comparison with shadowgraphy images. Moreover, this linear correlation might also hint at the absence of beam hardening in the current experiments. Most x-ray sources emit a broad range of energies. Beam hardening is the phenomenon whereby the lower energy photons are preferentially absorbed by the matter it passes through [23] . Beam hardening would be an important issue, had the material possessed higher absorption coefficients than the materials in the current experiments [24] .
The standard error of mean for the measured intensities for the various calibration cylinders was found to be less than 0.05%, which is considered acceptable. The standard deviation of the normalized intensities gives an estimate of the resolution of void fractions, which is approximately 3%. The dynamic range for these measurements is the ratio between the maximum detectable void fraction and the resolution of the void fraction measurement, which in the current study is approximately 33.
A calibration procedure was not performed for shadowgraphy to correct for image distortion induced by the PMMAwater interface. However, this is not expected to introduce a major error as the overall distortion error is less than one pixel [25] . 3700 x-ray images were used in the calibration shown in figure 4 . A similar number of images were utilized for the cavitating flow measurements. In order to ensure that the quantity of images was sufficient, a convergence study was performed on the images of the cavitating flow whose results are shown in figure 5 . The term on the y-axis is computed as follows. After each 100 images, a new time-averaged image is computed, say I new , is then compared with the old time-averaged image (i.e. without the new 100 images), say I old . The term on the y-axis is then mean of all values in the matrix |(I new − I old )/I old |. It is seen that after 3700 images, the relative error reduces to less than 3%, implying sufficient convergence. A similar analysis for the shadowgraphy images is performed, which too shows a satisfactory convergence behaviour. The quicker convergence of the shadowgraphy images may be attributed to the better signal to noise ratio.
Data processing
Images acquired by the two techniques have several differences, including the aspect ratio, spatial resolution, field of view, lines-of-sight and greyscale intensities. Therefore, a few preprocessing steps were needed before comparing the two types of images. All of the following steps were performed using Matlab R2016b (The Mathworks Inc., Natick, USA). The process is illustrated in figure 6 , and the bulk flow is from left to right in each of these images.
In order to reduce the effect of the system on the image analysis, a background subtraction was performed first. For the x-ray technique, images of the non-cavitating flows (i.e. vapour absent) were available. However, no such images were available for the shadowgraphy experiments. Thus, artificial background images were generated for the shadowgraphy technique as follows. Each pixel in the background image is assigned with the maximum greyscale value (in shadowgraphy, the liquid phase appeared white) measured at that pixel location over the course of the entire measurement (multiple cavitation cycles). This method also leads to the generation of a few thin artifacts (for example, near the top wall in figures 6(e) and (f)). However, these are not expected to significantly affect the results and conclusions of this study. In the x-ray images, the vapor phase has higher greyscale intensities while the liquid phase had lower ones. This happens because the presence of vapor leads to lower attenuation of the x-rays along its path length. On the other hand, the shadowgraphy images have lower greyscale intensities for the vapour phase and vice versa. This occurs as the bubbles generated by cavitation block the visible light emanating from the LED panel. Thus, for the x-ray images, the background is subtracted from the raw time-averaged images while for the shadowgraphy images, the raw time-averaged image is subtracted from the background. This way, the lower greyscale intensities represent the liquid phase in both sets of background-subtracted images.
While the shadowgraphs display a clear contrast between the two phases (via the greyscale intensities), the contrast is visibly reduced for the x-ray images ( figure 6(a) ), due to the higher background greyscale intensities. For example, in figure 3 , the background has approximately 9000 counts. When the venturi is emptied, the measured intensity is approximately 12 500 counts. The maximum contrast at the throat is thus approximately 40% of the background signal. However, in the actual experiments, the void fractions seldom reach close to 100%, and the recorded signals are closer to the bottom portion of the 40% range. While this range may be improved by operating the x-ray source at a higher power, it would lead to saturation of the CMOS sensor. Thus, an image adjustment operation (i.e. rescaling the greyscale intensities in order to have 1% of the values being saturated at low and high intensities) is performed on both sets of images, which effectively normalizes the greyscale intensities. With this operation, the values of the greyscale intensities then vary between 0 and 1 in both cases.
The next step involves the cropping of images to restrict the analysis to a certain region of interest. The center of the venturi throat is selected as the origin for the current analysis with a length of five throat diameters (5D 0 , where D 0 is the throat diameter) used in the streamwise direction. Furthermore, the diameter of the region of interest in the radial direction increased with respect to the throat diameter with a divergence angle of 5° along the downstream direction, which is lower than the venturi divergence angle of 8°. This is done so in order to avoid analysis in the upper and lower wall regions, which might be susceptible to errors via optical distortion, especially in shadowgraphy, despite a close match in refractive indices.
Since the images from the two experiments possess different resolutions, it is desirable to ultimately map the greyscale intensities from the two measurement techniques onto the same pixel coordinates. The throat diameter is used as a reference length scale to adjudge the goodness of the overlap between the coordinate systems. In the current analysis, information from the shadowgraphy images (lower spatial resolution) is interpolated onto pixel coordinates of the x-ray images (higher spatial resolution) via linear interpolation. The original disparity between the image resolutions (figures 6(a) and (b)) is dispensed with (figures 6(e) and (f)). Thus, images from the two techniques can now be compared on a pixel-by-pixel basis.
Results
Greyscale intensities from both techniques are rendered comparable after the processing of images per the procedure in section 2.3. The comparison here is primarily restricted only to the regions located near the line of symmetry, along the streamwise direction. This is done so in order to avoid artifacts that may arise due to the stronger curvature of the pipe away from the line of symmetry, especially in the shadowgraphy images. Moreover, this minimizes any effects that may arise due to the minor difference in the viewing angles between the two methods.
Three different cavitation numbers are considered for comparison in the current study: 0.60, 0.72 and 0.88, whose results are illustrated in figures 7-9 respectively. This was done as each cavitation number had different vapor distributions [22] . For each case, the time-averaged greyscale intensity image from both the techniques are shown, with the regions of interest overlaid on them. It can be seen that there is a similarity in a qualitative sense (for example, the streamwise location beyond which the greyscale intensity is monotonically decreasing). However, there are much sharper structures visible in the x-ray images as compared to the shadowgraphy ones, owing to the former's ability in penetrating the multiple media. Thus, it is expected that the greyscale intensities from the two modalities will not behave in a coherent manner, quantitatively.
To this end, a quantitative comparison of the greyscale intensities from the two techniques is performed. This is done so by dividing the entire domain into smaller regions of interest or zones. Points (or pixels) from each zone can then be placed onto a coordinate space, formed by the greyscale intensities in x-ray images (I X ) and shadowgraphy images (I S ). Using these scattered points, a local correlation coefficient, C l , can be defined for each zone. C l quantifies the correlation between the greyscale intensities obtained by the two techniques. The division of the entire domain into zones is performed with two considerations. Firstly, these zones should be small enough to allow for a good spatial resolution of these local correlation coefficients. Secondly, these zones should be large enough to contain sufficient scatter points. Decreasing the size of the zone will lead to having fewer scatter points, which may even collapse around the same point. This might lead to an incorrect interpretation of the local correlation coefficient. Thus, the domain was divided into three zones along the radial direction and into six along the streamwise direction. The number of sampling points increases from about 15 000, in the zones nearest to the throat, to 25 000, in the zones furthest from the throat, due to the diverging nature of the test section. The local correlation coefficients are then shown in figures 7-9(c), for the three cavitation numbers. In each case, it is seen that there is an initial short region with acceptable positive correlation coefficients which quickly begin to deteriorate along the downstream direction, even reaching negative values (for the higher cavitation numbers). This region is then followed by a region of recovery in the correlation coefficients back to a stable, high, positive value. However, these deterioration and recovery lengths are clearly dependent on the cavitation number.
The above behavior of the correlation coefficients can also be seen in the colour-coded scatter points shown in figures 7-9(d). The colour-coded scatter points correspond to locations in the local zones of the same colour shown in figures 7-9(a) and (b). It is seen that the scatter points in the zones follow a loop-like trajectory along the downstream direction. The trajectories in each of the three cases have three distinct linear regions. The first line corresponds to the aforementioned region with an acceptable positive correlation coefficient, while the second and third lines are related to the regions of deteriorating and recovering correlation coefficients, respectively. For the cavitation numbers of 0.72 and 0.88, the second line even has a negative slope.
Another quantity of interest here is the cavity length (L c ), or the streamwise length of the cavity along the venturi walls, immediately before it detaches and vortices are shed. Cavity lengths are derived using the shadowgraphy images, based on the formulation used by Long et al [26] . It is expressed
Here, L c,pix and D 0,pix are the cavity length and throat diameter, respectively, in number of pixels. The same procedure is not applicable to the x-ray data due to a poor signal-to-noise ratio in the instantaneous x-ray images. The cavity length for all the three cavitation numbers is located near the onset of the third 'correlation regime' (or Line 3).
Slopes of these three lines along with the cavity length and the global correlation coefficient (C g , correlation coefficient obtained by considering the entire venturi) are summarized in table 1. The relatively high global correlation coefficient underlines that the two images provide a similar information qualitatively.
Discussion
The results demonstrate the absence of universal quantitative congruity between greyscale intensities obtained via shadowgraphy and x-ray imaging. This result is not very surprising given that shadowgraphy would not be expected to successfully tackle opaque media. These observations are also in line with the qualitative results of Mitroglou et al [20] and Lorenzi et al [21] . What distinguishes the images from the two techniques is the amount of recognizable information about the flow structures, as stated previously. In the following discussion, it is assumed that the x-ray intensities (I X ) represent the ground truth (since it strongly relates to the line-integrated void fractions, as established previously in section 2.2).
The presence of an initial positive correlation (denoted as Line 1 in figures 7-9(d)) immediately downstream of the venturi throat is common to all the cavitation numbers. This arrives from the fact that there is a gradual rise in the greyscale intensities in both sets of images. In the region furthest downstream from the throat, both sets of images are characterized by gradually decreasing greyscale intensities, which leads to the formation of a second positively correlated region (denoted as Line 3 in figure 7-9(d) ). As shown in table 1, the slopes of these two regions (Line 1 and Line 3) are not equal. The region in between the aforementioned two regions (denoted as Line 2 in figures 7-9(d)) displays contrasting correlation behaviour. The central regions of the x-ray images, like the shadowgraphy ones, are characterized by an initial rise in greyscale intensities followed by a region of continuous decline. However, the streamwise length over which this increase happens is considerably larger for the x-ray images than in the shadowgraphy images (at least for σ of 0.72 and 0.88), which leads to a region of negative correlations in these two cases.
A hypothesis for the above observations is postulated, and illustrated through a simplified schematic in figure 10 . Three regimes have been demarcated. The initial region immediately downstream of the throat is occupied by a swarm of tiny bubbles, forming streaks. In this region, the density of the bubbles is low enough for shadowgraphy to return a reliable impression of the void fractions. Since visible light still has good penetrability, a modified Beer-Lambert law [27] for the transmittance of light may still be applicable. The second region is characterized by the bubbles having coalesced into a thicker film which exists very close to the venturi walls. This is a problem for the shadowgraphy technique, as the camera is unable to capture information from any depth beyond the cavities near the wall. The cavity basically acts as a specular reflector for light. The third region, usually downstream from the cavity length location, is characterized by detached cavities that have drifted away from the wall, and towards the center, followed by a collapse of the cavitation cloud into smaller bubbles. Further downstream, a fully liquid phase is recovered.
The presence of distinct regimes can be confirmed via the tomographic reconstruction of the vapor content at multiple cross-sections, illustrated in figure 11 . This tomographic reconstruction has been done via the x-ray images. Filtered back projection is applied to the cone-beam 2D time-averaged x-ray image using the ASTRA Toolbox [28] . A detailed explanation of this reconstruction is available in Jahangir et al [29] . One disadvantage of these time-averaged reconstructions is its inability to distinguish a coalesced cavity film from a swarm of tiny bubbles, occupying the same volume.
Four cross-sections have been considered here. It is clear that there is a development of a cavity film-like structure near the circumference of the cavity, whose thickness increases in the streamwise direction (for example, consider Sections A and B in figure 11 ). When sufficiently thick, this film would be obstructive for the shadowgraphy technique. This would correspond to regime 2 hypothesized in figure 10 . However, beyond a certain point, these cavities drift away from the walls and begin to collapse (for example, consider Sections C and D in figure 11 ). This cavity detachment and subsequent regeneration of the liquid phase would be beneficial for shadowgraphy. This would correspond to regime 3 illustrated in figure 10 .
On first sight, it appears that regime 1 shown in figure 10 is absent in the tomographic reconstructions considered in figure 11 . This happens due to the smoothing of the bubble streaks in the time-averaged images. Thus, an instantaneous snapshot from the shadowgraphy measurements is considered in figure 12 , which too illustrates the different regimes. Regime 1, in the short distance immediately downstream of the throat, has short streaks of tiny bubbles along the walls, which does not hinder the camera's view much. This explains the initial region of positive correlation from the intensity comparison graphs (figures 7-9(d)). By the time the bubbles coalesce near the walls to form a cavity film, the vapor fraction near the walls is high enough to obstruct the camera's view and give an incorrect impression of the void fraction. This returns the region with relatively poorer correlation coefficients from the intensity comparison graphs. Downstream of the streamwise location of the cavity length, the cavity detaches from the circumferential wall, meanders towards the center, before collapsing into tinier bubbles and turning back into the liquid phase. This region marks an improvement in the correlation coefficients comparing the two techniques. Upon taking a time average of many such instantaneous images, a smoother version of the instantaneous snapshot in figure 12 shall be obtained. The intermittency of the flow would also determine the greyscale intensities in the time-averaged image.
It should also be noted that a correlation coefficient close to unity simply implies the existence linear relation between the quantities being compared (i.e. I S = m · I X , where m is arbitrary). If actual line-integrated void fractions were being compared instead of intensities, the slope relating the lineintegrated void fractions extracted from the two techniques would have to equal unity in order to establish equivalency of the two imaging techniques. However, such a comparison is not possible as the greyscale intensities from shadowgraphy do not have a straightforward relation with line-integrated void fractions. For example, in both cases, where the venturi contains only air or only water, identical greyscale intensities would be recorded by shadowgraphy. For this reason, an uncertainty analysis on the accuracy of shadowgraphy for void fraction estimation is impractical.
In quantifying void fractions from x-ray imaging, the two dimensional x-ray image possessing information on the line-integrated void fractions, is only an intermediate step.
A tomographic reconstruction akin to the one shown in figure 11 would be necessary for local void fraction quantification. A hypothetical tomographic reconstruction of the 2D shadowgraphy images would give different estimates of the void fraction than that of x-ray, stemming from the differences in the original 2D images. Thus, it can be said that quantitative estimates of the void fraction in cavitating flows from timeaveraged shadowgraphy experiments are likelier to represent the truth, only in regions with low fractions of dispersed bubbles or detachment of the cavities from the walls (regimes 1 and 3). However, it is highly likely to provide improper estimates of the void fractions in regions with coalesced cavities near the walls, as evidenced by the regions of negative correlations for cavitation numbers of 0.72 and 0.88. These conclusions could also be extrapolated to the other multiphase flows introduced at the beginning of this article.
An influential factor that has been unaccounted for in the entire analysis thus far, is the relative placement of the measurement section (venturi) with respect to the illuminating source (LED panel/x-ray source) and detector (high-speed camera/x-ray detector). It can be expected that a configuration different to the one used in the current study would result in a different greyscale intensity map in the 2D images. This would be a result of a new line of sight between the source and the detector. Eventually, this would translate into a different estimate of the void fraction at a given location. However, this factor is not expected to affect the qualitative hypothesis postulated in figure 10 , i.e. on the applicability of shadowgraphy to the three regimes. Nevertheless, differences can be expected in the cavity lengths as well as the slopes of the linear fits to local correlation coefficients in table 1.
A look-up table like procedure to correlate the void fractions and the greyscale intensities in shadowgraphy images can be implemented for the different regions. This would allow for a more accurate estimation of void fractions via shadowgraphy, especially when knowledge of the precise locations of the regimes is available. However, if this information is unavailable, the look-up table would prove fruitless, as there is no unique value of line-integrated void fraction for a single greyscale intensity obtained by shadowgraphy. For example, I S = 0.4 in figure 9(d) has two possible values for I X , depending on the regime under consideration. Constructing and implementing a careful look-up table procedure for different regimes in an internal flow is likely to prove an arduous task.
Conclusions
Images from shadowgraphy and x-ray measurements were compared. Correlations were made based on the greyscale intensity values along the streamwise direction for a cavitating flow through a venturi, at three different cavitation numbers of 0.60, 0.72 and 0.88. It was assumed that the information obtained through the x-ray imaging technique represented the truth.
Three distinct 'correlation regimes' were identified for the flow considered. The first region, associated with a swarm of tiny bubbles along the walls, is short in extent with a positive correlation between the greyscale intensity values from the two techniques. The second region, associated with a cavity film growing near the wall, shows more variability across the different cavitation numbers and may display either a positive (σ = 0.60) or a negative (σ = 0.72 and 0.88) correlation. The third region, associated with the drifting of the cavity away from the walls towards the central region of the venturi as well as collapse of the cavities, is found beyond the estimated location of the cavity lengths. While shadowgraphy may still return reliable estimates of void fractions in flows resembling the first and third regions, it could lead to improper conclusions about the void fraction profiles in flows that resemble the second region.
